It has been previously established that Thiobacillus neapolitanus fixes CO 2 by using a form I ribulose bisphosphate carboxylase/oxygenase (RuBisCO), that much of the enzyme is sequestered into carboxysomes, and that the genes for the enzyme, cbbL and cbbS, are part of a putative carboxysome operon. In the present study, cbbL and cbbS were cloned and sequenced. Analysis of RNA showed that cbbL and cbbS are cotranscribed on a message approximately 2,000 nucleotides in size. The insertion of a kanamycin resistance cartridge into cbbL resulted in a premature termination of transcription; a polar mutant was generated. The mutant is able to fix CO 2 , but requires a CO 2 supplement for growth. Separation of cellular proteins from both the wild type and the mutant on sucrose gradients and subsequent analysis of the RuBisCO activity in the collected fractions showed that the mutant assimilates CO 2 by using a form II RuBisCO. This was confirmed by immunoblot analysis using antibodies raised against form I and form II RuBisCOs. The mutant does not possess carboxysomes. Smaller, empty inclusions are present, but biochemical analysis indicates that if they are carboxysome related, they are not functional, i.e., do not contain RuBisCO. Northern analysis showed that some of the shell components of the carboxysome are produced, which may explain the presence of these inclusions in the mutant.
Ribulose bisphosphate carboxylase/oxygenase (RuBisCO), the initiating enzyme of the Calvin cycle, occurs in nature in two structural types, form I and form II (18, 33) . Form I, the most common type, found in nearly all carbon dioxide-fixing organisms, including higher plants, algae, cyanobacteria, and autotrophic bacteria, is a hexadecamer consisting of eight large, highly conserved catalytic subunits (CbbL) and eight small subunits (CbbS) whose function is still not clearly understood (18, 33) . The form II RuBisCO consists solely of large catalytic subunits (CbbM), the number of which varies from two to eight, depending on the organism (33) . The catalytic subunits of the two forms, CbbL and CbbM, are biochemically and immunologically distinct and share only about 25% sequence identity (20) . Some bacteria possess both a form I and a form II RuBisCO (7, 10, 11) .
Many autotrophic bacteria and apparently all cyanobacteria sequester much of their form I RuBisCO into primitive organelles, carboxysomes, which somehow enhance carbon dioxide fixation (29) . The carboxysomes of Thiobacillus neapolitanus are approximately 120 nm in diameter, are surrounded by a protein shell 3 to 4 nm thick, and consist of nine major polypeptides (3, 30) . The genes encoding most of these polypeptides, including those for the large and small subunits of RuBisCO, cbbL and cbbS, appear to constitute a carboxysome operon (30) (Fig. 1) .
The form II RuBisCO was first isolated from Rhodospirillum rubrum (34) and later from non-sulfur purple bacteria (10, 11, 27) . For many years it was assumed that the presence of the form II enzyme was limited to these organisms. More recently, however, form II enzymes have been demonstrated in a number of other bacteria, including a symbiont of the tubeworm Riftia pachyptila (23) , Hydrogenovibrio marinus (4, 38) , Thiobacillus intermedius (32) , and T. denitrificans (7) , and in eukaryotic dinoflagellates (19, 37) . Thus, the presence of the form II enzyme seems to be more widespread than originally envisioned.
T. denitrificans expresses both a form I and a form II RuBisCO when grown anaerobically with nitrate as the electron acceptor (7). The genes for both form I and form II (cbbM) RuBisCO have been demonstrated in several other thiobacilli, including T. neapolitanus, T. intermedius, T. ferrooxidans, and T. thiooxidans, via heterologous hybridization using specific DNA probes (28) . The cbbM gene from one of these thiobacilli, T. intermedius, has been isolated and expressed in Escherichia coli (32) . However, with the exception of the anaerobically grown T. denitrificans, none of the thiobacilli synthesize enough form II RuBisCO to be detected by common laboratory procedures, e.g., by separation of the two forms using sucrose gradients and subsequent assay of the resulting fractions (27) . Immunological assays have not been accomplished. To date, we have made no attempt to alter either these thiobacilli or their growth conditions in order to increase the expression of the form II enzyme, nor have we determined if one or both forms are expressed when T. denitrificans is cultured under aerobic conditions. Herein, we report the creation of a kanamycin insertion mutation of cbbL in T. neapolitanus. The mutant expresses a form II RuBisCO, does not possess functional carboxysomes, and requires elevated levels of CO 2 for growth.
MATERIALS AND METHODS
Cultures and plasmids. Wild-type T. neapolitanus ATCC 23641 was maintained as a chemostat culture in the medium of Vishniac and Santer (36) at 30°C. The mutant, T. neapolitanus cbbL::Km, and the wild type as a control were grown as batch cultures supplied with air supplemented with 5% CO 2 . Growth of both the wild-type and cbbL::Km mutant strains was monitored at A 600 . E. coli DH5␣ was grown in Luria-Bertani medium at 37°C (17) . Plasmids and strains used are listed in Table 1 .
Isolation and sequencing of the cbbL gene. All DNA manipulations were performed by using standard techniques (17) . Screening of a EMBL3 library of T. neapolitanus genomic DNA with the entire Synechococcus sp. strain PCC 6301 cbbL (rbcL) gene as a probe was performed as previously described (25, 32) . Several clones were isolated, and one, TnI, was selected for further study.
Hybridization of the probe to Southern blots of various restriction digests of this clone allowed the construction of a restriction map of cbbL and its flanking region (Fig. 1) . Automated sequencing was accomplished with an ABI PRISM Dye Terminator Cycle Sequencing Core kit, a Perkin-Elmer Cetus DNA thermal cycler, and an ABI 373a DNA sequencer. Oligonucleotide primers were obtained from Integrated DNA Technologies (Coralville, Iowa).
Mutant construction. The cbbL gene was interrupted by inserting the kanamycin resistance gene (Km r ) cut from pUC4K with BamHI (35) into the EcoRV site of cbbL via blunt-end ligation (Fig. 1) . The 2.3-kbp EcoRI fragment containing the cbbL interruption was subcloned into pT7T3␣18 and subsequently transformed into T. neapolitanus (5) . After electroporation, the cells were incubated for 24 h in culture medium sparged with air supplemented with 5% CO 2 . Kanamycin was added to a final concentration of 50 g/ml, and incubation continued for 24 h. Cells (50 l) were then plated on selective medium. After 3 days, colonies were transferred to fresh medium. Correct replacement of the wild-type gene with the mutated gene was confirmed by Southern blot analysis (Fig. 2) .
Isolation and analysis of RNA transcripts. The method of Schmitt et al. (24) was used to isolate RNA from 500-ml cultures of the wild type or the mutant grown in batch culture in air supplemented with 5% CO 2 . Cells were harvested during early exponential phase, 16 and 22 h postinoculation for the wild type and mutant, respectively. RNA (20 g) was resolved on a 1.2% agarose-6% formaldehyde gel and transferred to Hybond Nϩ nylon membrane (Amersham, Arlington Heights, Ill.), using a Bio-Rad MiniTransblot apparatus (Bio-Rad Laboratories, Hercules, Calif.) in 0.5ϫ morpholinepropanesulfonic acid buffer (6) . The resulting blot was UV cross-linked in a UV Stratalinker (Stratagene, La Jolla, Calif.) and then baked at 80°C in a vacuum oven. Blots were hybridized with either the 1.7-kb SalI (cbbL-specific) fragment from pcbbLT7T3, the 0.295-kb HindIII-NcoI (cbbS-specific) fragment from pTnI-2EE2.3, or the 0.3-kb HindIII-EcoRI (csoS1-specific) fragment from pcsoS1 and washed as described elsewhere (21) .
RuBisCO determination. Cells from both the mutant and the wild type were harvested by centrifugation, washed with TEMB buffer (10 mM Tris-HCl, 1 mM EDTA, 15 mM MgCl 2 , 20 mM NaHCO 3 [pH 8.0]), and broken by sonication. The cell debris was removed by centrifugation, and the resulting supernatant was loaded onto the surface of linear sucrose gradients (10 to 60% [wt/vol] in TEMB) in 40-ml quick seal tubes (Beckman) and centrifuged in a VTi50 rotor as previously described (27) . The tubes were fractionated from the bottom in 1-ml aliquots, and the fractions were assayed for RuBisCO activity (26) . Cell extracts of Rhodobacter capsulatus and T. denitrificans grown under conditions where both form I and form II RuBisCO are synthesized were used as controls (7, 27) .
To analyze the amount of RuBisCO assembled inside carboxysomes relative to the amount of free enzyme, the ratio of soluble to particulate RuBisCO activities (S/P ratio) was determined as previously described (2) .
Electron microscopy. Cells were fixed in 2.5% cacodylate-buffered glutaraldehyde (pH 7.2) and postfixed in 1% OsO 4 , both for 30 min at room temperature. Following dehydration in an ethanol series, the samples were embedded in Spurr Blocks were sectioned on a LKB Nova microtome equipped with a diamond knife and poststained for 5 min on a Formvar-coated grid with lead citrate. All preparations were observed and photographed on a Zeiss EM-10CA transmission electron microscope.
Immunoblot analysis. Cell extracts and sucrose gradient fractions containing either the form I or form II enzyme were used for the immunoblot analysis of RuBisCO. Since we observed no form II peak of activity in the wild type and no form I peak in the mutant, fractions that could potentially contain the form I RuBisCO (fractions 24 to 28; see Fig. 5 ) or form II RuBisCO (fractions 19 to 23) were analyzed. Samples were resolved on either a sodium dodecyl sulfate (SDS)-10% polyacrylamide gel or a 6% nondenaturing gel. After electrophoresis, the proteins were transferred to nitrocellulose, using a Bio-Rad MiniTransblot apparatus (Bio-Rad). The primary antibody was specific for either Synechococcus sp. strain PCC 6301 form I RuBisCO or Rhodobacter sphaeroides form II RuBisCO. The secondary antibody was horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G (Sigma, St. Louis, Mo.). The desired proteins were detected by using an enhanced chemiluminescence detection kit (Amersham).
Nucleotide sequence accession number. The nucleotide sequence data reported in this article are available from GenBank under accession no. AF038430.
RESULTS
Nucleotide sequences of cbbL and cbbS. The 1,422-bp cbbL gene of T. neapolitanus encodes a 473-amino-acid peptide with a deduced molecular mass of 52,694 Da. The 333-bp cbbS gene, which encodes a 110-amino-acid peptide with a deduced molecular mass of 12,958 Da, is separated from cbbL by a 36-bp spacer region. The transcriptional start site was determined by primer extension (1) to be located 54 bp upstream of the ATG start codon of cbbL (data not shown).
Transcriptional analysis. Total RNA isolated from wildtype T. neapolitanus hybridized with either the cbbL gene or cbbS gene revealed a 2.0-kb message (Fig. 3) . With the mutant, a smeared signal slightly smaller than that observed for the wild type was present when the blot was probed with cbbL, whereas no signal was observed with cbbS as the probe.
Growth of the cbbL mutant. Wild-type cultures reached maximum density at approximately the same time whether they were grown in air or air supplemented with 5% CO 2 ; however, the maximum density of the culture grown in air was about half of that of the culture grown in air supplemented in 5% CO 2 (Fig. 4) . The mutant was unable to grow in air and grew more slowly than the wild type in air supplemented with 5% CO 2 .
RuBisCO activity in mutant. Since the interruption of cbbL did not result in a lethal phenotype, it was concluded that an alternate CO 2 -fixing enzyme was expressed. In view of the earlier observation that T. neapolitanus possessed a form II RuBisCO gene (28) , it was hypothesized that the organism was responding to the cbbL mutation by expressing a form II RuBisCO. To determine if a form II enzyme was expressed, wild-type and mutant cells were broken by sonication, the cell-free supernatants were subjected to sucrose gradient centrifugation, and the resulting fractions assayed for RuBisCO activity (Fig. 5) . The wild type exhibited only a form I peak of activity when grown in air or in air supplemented with 5% CO 2 ; no peak of activity corresponding to a form II enzyme could be detected. In contrast, the mutant exhibited only a form II peak of activity.
The S/P ratio, a biochemical approach developed to determine the presence or absence of carboxysomes (2), was determined for the T. neapolitanus wild type and mutant and for the non-carboxysome-forming Paracoccus versutus (16) (formerly Thiobacillus versutus). The S/P ratio of the mutant was significantly higher than that of the wild type (29 and 1.67, respectively). The value for the mutant was essentially the same as for the non-carboxysome former (S/P ϭ 30), thus indicating that RuBisCO is not packaged inside carboxysomes. Although the mutant's RuBisCO specific activity was approximately onethird of the wild type's specific activity, the S/P ratio determined by using specific activities was still greater than 12.
Immunoblot analysis. Immunoblot analysis of all of the sucrose gradient fractions that could potentially contain form I enzyme (fractions 24 to 28 [ mented with 5% CO 2 , a small amount of form II RuBisCO was also present ( Fig. 6 ; blots containing only the peak fractions [either fraction 26 for form I RuBisCO or fraction 21 for form II RuBisCO] are shown). In the wild type grown in air supplemented with 5% CO 2 , form I RuBisCO expression was decreased whereas the expression of form II RuBisCO was increased. Only the form II enzyme was detected in the mutant. The absence of the CbbL protein from the mutant was additionally confirmed by probing immunoblots containing cell extracts from both the wild type and the mutant (data not shown). Again, no CbbL protein, not even a truncated form, was detected in the mutant.
Electron microscopy. The wild type produces carboxysomes approximately 120 nm in diameter when grown in air or air supplemented with 5% CO 2 ( Fig. 7A and B) . As demonstrated previously (2), CO 2 supplementation results in a reduction in the number of carboxysomes. This was also noted for the S/P ratio (S/P of air-grown T. neapolitanus ϭ 1.1; S/P of 5% CO 2 -grown T. neapolitanus ϭ 1.67). Carboxysomes were not observed in the mutant, but smaller (60 to 70 nm in diameter), empty inclusions were visible ( Fig. 7C and D) .
Analysis of downstream gene products. Northern analysis was performed to determine if the insertion into cbbL affected the transcription of downstream genes in the carboxysome operon. English and coworkers (6) showed that the three csoS1 shell genes are initially cotranscribed and then processed to the individual messages. To determine if the shell genes are transcribed in the mutant, csoS1A was used to probe a Northern blot. Signals approximately 400, 650, and 1,100 bases in size were detected in both the wild type and the mutant (Fig. 8) . Approximately equal amounts of RNA were loaded on the gel, but the wild type gave a much stronger signal with the probe than the mutant (Fig. 8) .
DISCUSSION
T. neapolitanus is a chemoautotrophic bacterium which grows aerobically with thiosulfate as an energy source and CO 2 as its sole carbon source. Snead and Shively (31) demonstrated that T. neapolitanus fixes CO 2 via the Calvin cycle, using the hexadecameric form I RuBisCO enzyme. The genes encoding the form I RuBisCO (cbbL and cbbS) were cloned and sequenced. As in other prokaryotic autotrophs (12) , cbbL and cbbS are transcribed as a single polycistronic message. The size of the transcript, approximately 2.0 kb, is in agreement with the predicted size.
The cbbL gene was insertionally inactivated, resulting in the mutant T. neapolitanus cbbL::Km. Northern analysis of the RNA isolated from the mutant revealed that a slightly smaller cbbL RNA transcript was produced, suggesting that the insertion of the antibiotic cartridge resulted in a premature termination of transcription, i.e., a polar mutation. The smeared pattern suggests that the message is unstable, resulting in rapid turnover. Instability of the message could explain why no CbbL protein was observed in the mutant as determined by Western blot analysis. No transcript was detected with the cbbS probe, confirming that a polar mutation was created.
To compensate for the loss of the form I enzyme, T. neapolitanus cbbL::Km synthesizes an increased quantity of form II RuBisCO. It has been shown previously that R. capsulatus and T. denitrificans express both forms of RuBisCO, resulting in two peaks of activity in sucrose gradients (7, 27) . Comparison of T. denitrificans and R. capsulatus gradients to those of wild-type T. neapolitanus showed a single peak of activity in T. neapolitanus corresponding to form I RuBisCO, while a similar comparison of T. neapolitanus cbbL::Km showed one peak corresponding to form II RuBisCO. The results were confirmed by using antibodies specific for CbbL and CbbM.
RuBisCO is a bifunctional enzyme capable of fixing either CO 2 or O 2 (18) . The specificity factor is a measure of the ability of RuBisCO to discriminate between the two substrates at a given CO 2 /O 2 ratio; a high specificity factor indicates a preference for CO 2 (15) . As a general rule, the form II enzyme has a lower specificity factor and thus requires a higher CO 2 /O 2 ratio to function as an efficient carboxylase (15) . Utilizing its form I RuBisCO, wild-type T. neapolitanus grows well in atmospheric levels of CO 2 . The cbbL::Km mutant, however, requires higher levels of CO 2 for growth, suggesting that like the T. denitrificans form II enzyme, the form II RuBisCO of T. neapolitanus has a low specificity factor (13) .
Since T. neapolitanus is an obligate aerobe and form II RuBisCO has a low specificity factor, why has T. neapolitanus retained a functional cbbM? As demonstrated by immunoblot analysis, T. neapolitanus synthesizes both form I and form II RuBisCO when cultured in air supplemented with 5% CO 2 .
Even under these conditions, the level of the form II enzyme is negligible in comparison to that of form I. Perhaps, if the O 2 level were lowered to the absolute minimum necessary to support growth, the majority of the RuBisCO synthesized would be of the form II type. When grown in air, the expression of form II is reduced and that of form I is markedly increased. In this case, the form I enzyme, being better equipped to discriminate between CO 2 and O 2 , becomes, for all practical purposes, solely responsible for the assimilation of CO 2 . The further enhancement of CO 2 fixation by T. neapolitanus is accomplished by packaging a large percentage of its form I RuBisCO inside carboxysomes. Considerable evidence has been gathered to support the conclusion that the carboxysome enhances CO 2 fixation: as the level of CO 2 supplied for growth decreases, the amount of RuBisCO sequestered inside the carboxysome increases (2) , and an insertion mutation of the shell gene, csoS1A, results in cells that have a markedly reduced number of carboxysomes and a requirement of supplemental CO 2 for growth (5) . With regard to the latter, carboxysomeless mutants of Synechococcus sp. strain PCC 7942 also require elevated levels of CO 2 for growth (8) .
The presence of a putative carboxysome operon in T. neapolitanus which begins with cbbL and continues through csoS1B has been hypothesized (30) . However, it should be noted that although our insertion mutation of cbbL also completely eliminated the expression of cbbS, Northern analysis showed that the csoS1 genes were transcribed, albeit at a lower level than in the wild type grown with 5% CO 2 . This finding suggests that an additional promoter(s) downstream of cbbS allows for the independent but reduced transcription of the other carboxysome genes. Evidence from studies of the cbbXYZ operon involved in CO 2 fixation in R. sphaeroides (9) support this reasoning.
Pierce et al. (22) found that when the wild-type form I RuBisCO locus of the cyanobacterium Synechocystis sp. strain 6803 was replaced with the Rhodospirillum rubrum form II RuBisCO gene, the mutant "cyanorubrum" required higher levels of CO 2 in order to grow. Neither the cyanorubrum mutant nor our T. neapolitanus cbbL::Km mutant produces functional carboxysomes. The T. neapolitanus cbbL::Km mutant possesses small inclusions with polyhedral profiles, many of which appear to be empty carboxysomes. This finding suggests that some of the necessary components of the carboxysome are synthesized and assembly is attempted. As noted above, although expression of the genes downstream of cbbS is definitely perturbed, some expression was detected.
It seems plausible that assembly of the carboxysome requires the specific participation of form I RuBisCO; form II RuBisCO will not substitute. This conclusion is supported by our data, by the data on cyanorubrum (22) , and by the data of Holthuijzen et al. (14) , who demonstrated the very tight association between the CbbS of RuBisCO and carboxysome shell polypeptides. However, whether the lack of functional carboxysomes in T. neapolitanus cbbL::Km is due solely to the lack of form I RuBisCO is unknown. The reduced level of the expression of the carboxysome shell genes downstream of cbbS may also interfere with proper carboxysome production.
In conclusion, there is still a great deal to be learned about how the thiobacilli regulate carbon dioxide fixation. The growth conditions which favor the synthesis of form II RuBisCO must be thoroughly investigated in order to fully understand why T. neapolitanus and other thiobacilli have retained the genes encoding both forms of RuBisCO; the mechanism whereby the carboxysome enhances CO 2 fixation must be addressed; and to understand the regulation of the synthesis and assembly of the carboxysome, the putative carboxysome operon must be unequivocally defined.
